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ABSTRACT
Radioactive disintegration of naturally occurring radioactive material was modeled with high
precision and no assumptions to better understand serial decay in high order disequibrlia. This
model helped develop a new method of quick analysis of NORM, where radioactivity can be
measured with reasonable certainty before secular equilibrium is established. This approach was
a significant improvement on previous similar approaches, halving time required for the same
results and reduced wait time compared to classical approaches by 92%. Consequentially,
NORM was measured in selected seafood samples from three areas in the Gulf of Mexico. Red
Snapper, Red Drum, Northern Whiting, Spotted Trout and oysters were collected and analyzed
using gamma spectroscopy. The average radioactivity concentration from these radioisotopes
were 0.9 ± 0.6, 1.6 ± 1.2, and 132 ± 57 Bq kg-1, respectively for 228Ra, 226Ra, and 40K in wet
weight muscle tissue samples (edible portion). These findings were in general consistency with
previous research from other bodies of water. However, when compared to research performed
in the Gulf of Mexico 20 years prior, a slight increase in radioactivity concentration of 226Ra was
found. These measurements of radioactivity concentration provide a reasonable baseline for the
species examined from the Gulf of Mexico.

vi

CHAPTER 1. INTRODUCTION
Naturally occurring radioactive material (NORM) makes up a majority of the effective dose that
humans receive from radiation (NCRP 160 and Figure 1.1). Its analysis can often be complex
due to multiple variables such as background measurements, guarantees of equilibrium, sample
quality, and counting time. Although assumptions can simplify the process significantly, these
assumptions don’t always hold true. This research includes three phases: a modeling approach
requiring no assumptions, a quick analysis method requiring few assumptions, and an application
to investigate the NORM in selected seafood from the Gulf of Mexico.
The Gulf of Mexico is a rich source of food, recreation, and sustainability for the Gulf States. It
has been conservatively estimated to contribute $109.9 billion per year to the GDP (Shepard et
al. 2013). If the safety of its seafood were to come into question, significant economic harm
could be done such as what had been seen in Fukushima, Japan. Despite species showing
background levels of radiation, the seafood industry struggled (Wakamatsu 2017). The
importance of baseline for NORM data cannot be understated. Seafood samples should
continuously be monitored in all corners of the Gulf, in different trophic regions, and near and
far from man-made fixtures. Only then can one statistically conclude that there is or is no
elevated radioactivity in seafood due to man-made impacts or environmental events. In the Gulf
of Mexico, the primary source of NORM from human activities, sometimes referred to as
TENORM (technologically enhanced naturally occurring radioactive material), is the oil and gas
industry.
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Figure 1.1. Collective effective dose averaged per person for US population. Data from NCRP
160.
The major concern of NORM from the oil and gas industry is mostly dominated by dissolved
radium in the waste produced water. Produced water, or water produced as a byproduct with oil
and gas production, contains NORM from background to 29,000 pCi/L in some studies (Smith
1992). As these radionuclides are potentially bioacumulated through the food chain, they could
reach dangerous quantities to persons consuming the seafood. Since NORM is in the food chain
regardless of human activities, it is important to quantify NORM after manmade events (such as
oil and gas exploration and drilling or environmental disasters). Thus, one can reasonably assess
the impact and determine if corrective actions are warranted. Higher concentrations of radium
are found in scale deposits (Smith 1992), however if scale deposits are disposed of properly, it is
not expected to become an environmental concern for seafood.
2

Three general categories of radioisotopes make up NORM. Primordial radionuclides, are the
radionuclides which have existed since before the formation of earth. Secondary radionuclides
are the progeny of primordial radionuclides. Finally, cosmogenic radionuclides are formed due to
interaction between cosmic radiation and the atmosphere (Valeur 2011). The three largest
contributors to annual effective dose equivalent from natural sources are 222Rn decay (110
mrem/yr), 40K decay (33 mrem/yr), and 228Ra decay (17.3 mrem/yr) (National Research Council
1999). 222Rn, a secondary radionuclide, is a member of the Uranium decay series (Figure 1.2).
40

K is a primordial radioisotope. 228Ra, another secondary radioisotope, belongs to the Thorium

decay series (Figure 1.3). While 235U is another major primordial radionuclide (referred to as the
Actinium decay series), it is not a significant contributor to human dose due to its small
abundance (0.7% of natural uranium) (Lounsbury 1956).
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Figure 1.2. Uranium decay series. 234Pa not shown as low yield progeny of 234mPa. (Adapted
from Tosaka 2008 and updated with ORNL 2018).
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Figure 1.3. Thorium decay series. (Adapted from Tosaka 2011 and updated with ORNL 2018).
Under equilibrium conditions, the progeny of these primordial radionuclide can be used to
estimate the activity of the parents. However, equilibrium conditions are not easy to prove and
even more complicated in aquatic environments. It is more feasible to study 226Ra and 228Ra than
their parents. This is due most likely to the difference in solubility of certain progeny, and less
5

likely due to that these isotopes can be directly measured by gamma spectroscopy. Similarly,
these two isotopes and their progeny contribute significantly more to human’s annual effective
dose equivalents than their parents (UNSCEAR 1988). Therefore, when studying NORM in
seafood, quantifying 222Ra and 228Ra is most appropriate.
NORM is in everything. In a large sense, very little can be done about that. Still, its’ long term
impacts are measurable. Significant association with DNA mutations (i.e. germ-line point
mutations) are found in high background areas (Forster et al. 2002) and NORM may even
influence evolutionary response (Lampe et al. 2017). Man-made events often disturb natural
radioactivity potentially causing higher amounts of NORM to be concentrated, released, or
dispersed. Depending on the quantity of radioisotopes this can present a threat to human health
and the environment.
1.1. Analysis of NORM
There are several means to analyze and quantify NORM. Methods include alpha spectrometry,
liquid scintillation counting, and mass spectrometry. However, one of the most advantageous
methods is by use of gamma spectroscopy (Li et al. 2017). This method typically allows for the
sample to remain chemically unaltered so that future or different analysis can be performed
afterwards.
Once gamma spectroscopy has been chosen as the method, there are several detector options to
select from. High purity germanium (HPGe) detectors are typically considered the best option
due to their high energy resolution and availability. HPGe detectors are a type of semiconductor
detector which measures ionization events when gamma rays interact with high purity
germanium creating excited electrons and hole pairs. The number of electron-hole pairs is
6

proportional to the energy deposited allowing spectrum analysis to be performed when the
charges are converted to a pulse and analyzed by a multi-channel analyzer (Gilmore, 2011).
All radioisotope analysis methods have their advantages and disadvantages. Depending on the
equipment used direct measurements of the initial few progeny of the Uranium, Thorium, and
Actinium series are difficult. Often photopeaks are too low in energy to resolve reliably or there
are multiple photopeaks in the same energy channels or region. For example, 235U has a high
yield gamma peak at 185.7 keV (54.0%) (Frame et al. 1988) which is also in the highest
detection efficiency region for the HPGe detector (Ewa 2001). Unfortunately, this peak is
difficult to distinguish from 226Ra’s 186.2 keV peak. While this peak only has a 3.3% yield
(Frame et al. 1988), it is expected to be seen much more frequently due to the natural abundance
of its parent (238U) when compared to 235U. Therefore, the presence of this peak will be useful in
that it indicates one or both of the radionuclides are likely present. However, it is unrealistic to
characterize either without more information or assumptions.
Another complication to estimate the activity of these series is the presence of a gas progeny (i.e.
radon). Due to its physical state, gas may be escaping from the sample making laboratory
analysis challenging unless a gas-tight sealed sample is prepared. Nevertheless, there are a few
exceptions to this. When NORM measurements are taken in the environment after a sufficiently
long elapsed time, radon progeny can be safely assumed to be in equilibrium with the parent.
Similarly, if the physical conditions of the sample taken out of the environment minimizes the
radon escape, the sample may also be considered in equilibrium already (Van Cleef 1994).
Often, proving this may not seem reasonable if the alternative (by sealing the sample and waiting
for 28 days) is more guaranteed or at least simpler.
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Some primordial radionuclides do not require equilibrium to determine the activity, such as 40K.
Its 1460 keV photopeak is very reliable due to its high yield (11%) and its peak is not overlapped
by any other common long-lived radionuclides. Similarly, the Actinium series (235U) has several
photopeaks which can be reasonably quantified. However, due to its low abundance in nature, it
is not expected in detectable quantities in most baseline samples. The Uranium series and, less
so, the Thorium series both require secular equilibrium to be established for acceptable certainty
in their analysis by gamma spectroscopy. This remains true when only radium and its progeny
are desired; a hermetic seal is still necessary.
Within the Thorium series, 228Ra can be estimated using the photopeaks of 228Ac without any
seal or waiting time. 224Ra (a progeny of 228Ra), nonetheless, will require a gas tight seal. 224Ra
progeny (220Rn to 214Pb) contributes 16 mrem to the annual effective dose equivalent from
natural sources (the fourth largest primordial contributor) (National Research Council 1999). For
environmental samples, this can be troublesome because of uncertainty in migration of the
progeny. One can assume that all progeny remain in the sample despite its environment and
potential bioaccumulation. However, this is not realistic. Another assumption is that the series
was originally in equilibrium. While exposed to a marine environment, 228Ra and 224Ra escaped
from the sample equally due to their increased solubility. The progeny activity left in the sample
following this escape indicates that 228Ac will quickly reach equilibrium with 228Ra and also
transient equilibrium exists between 224Ra and its progeny (Figure 1.4). A third assumption is
that 228Th also escaped with 224Ra and 228Ra (Figure 1.5). Under this assumption, the 224Ra
progeny are also in equilibrium with 228Ra within a few days. An exception, 208Tl, needs
correction for its branching ratio, but it is otherwise in equilibrium. In this case, there are several
spatially unique (no nearby competitors) and high yield photopeaks that can be used. 212Pb, 208Tl,
8

212

Bi, and 228Ac [not limited to but including 238 keV, 583 keV, 727 keV, 911 keV photopeaks,

respectively (Frame et al. 1988)] offer a large representative progeny of the 228Ra and 224Ra
decay chains and are useful for the baseline measurements. However, if specific progeny are to
be analyzed in the chain (e.g., 224Ra compared to 228Ra or 212Po), individual radionuclides should
be analyzed separately. Fortunately, this decay chain has several available high yield gamma
progeny that can be used if activity is sufficiently high or if enough elapsed time is allowed.

Figure 1.4. Relative activity versus time after sealing the sample for equilibrium buildup after a
single uptake of 228Ra and 224Ra in equal activity.
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Figure 1.5. Equilibrium buildup after an uptake of 228Ra, 228Th, and 224Ra in equal activity.
The Uranium series is arguably the most important based on the effective dose contributions,
contributing nearly half of the total annual effective dose equivalent from natural sources
(UNSCEAR 1988). It is also the most time consuming in terms of time required for equilibrium
to be established. Typically, samples are sealed in a Marinelli beaker or other hermetic seal and a
minimum of 7 half-lives of 222Rn is waited (about 28 days). Consequently, 222Rn progeny are
analyzed to estimate 226Ra activity. Due to the long half-life of 210Pb (22.3 years), its progeny
cannot be assumed in equilibrium in any reasonable amount of time even under these seals. They
also lacks sufficient photopeaks to be analyzed by gamma spectroscopy. Normally, 214Pb and
214

Bi are used because of their several unique and high yield photopeaks (Figure 1.6). While

several photopeaks are available, 295 keV and 352 keV are the highest yield photopeaks for
214

Pb and 609 keV, 1120 keV, and 1764 keV are the highest yield photopeaks for 214Bi. They are

all useful in determining 226Ra activity, but 1764 keV may not be feasible depending on how the
energy range and calibration of the detector are set up.
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Figure 1.6. Equilibrium buildup after a pure 226Ra sample was hermetically sealed. 222Rn, 214Pb,
and 214Bi are barely distinguishable.
In ideal situations, one can conclude that there has been very little migration of progeny. This
would allow for equilibrium of the entire decay chain in a sufficiently old sample, 6 million
years (Chiozzi et al. 2002). While this is sometimes reasonable with sediment, soil, or rock
samples, it is may not be possible in aquatic environments and particularly unlikely when
considering bioaccumulation. Radium is slightly more soluble than its uranium and thorium
parents. Its movement has been found to be strongly related to other properties of the water such
as salinity and chlorinity (Meinhold and Hamilton 1992; Moatar et al. 2009). Therefore, it is not
accurate to assume the measurements of radium progeny are the same as the initial activity of
uranium or thorium. Still a lot can be learned by analyzing the radium progeny of these decay
series. Likewise, the contribution to annual effective dose of the uranium and thorium direct
decays are significantly less than the radium progeny decays (Figure 1.7).
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Figure 1.7. Normal estimated effective dose equivalents from primordial radionuclides (Data
from National Research Council 1999).
The mathematical means of describing long decay chains are well studied. In 1910, Henry
Bateman introduced the first solution to describe the quantity of atoms of all progeny in a decay
series. This later became known as the Bateman Equation. This equation requires no assumptions
to be made to describe decay, but quickly becomes cumbersome in long decay series such as the
Uranium (14 orders) and Thorium (11 orders) series. This equation can be drastically simplified
if one assumes the parent isotope is pure (i.e., no radioactive progeny are present). While this is
true before the formation of earth, this is only valid now when radionuclides are produced, such
as by activation. Another significant simplification is when samples can be assumed in
equilibrium. Transient and secular equilibrium both exist when the progeny half-life is shorter
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than the parents half-life. Secular equilbirum requires the half-life of the progeny to be much
shorter. For example, 226Ra has a half-life of 1600 years and its progeny 222Rn has a half-life of
3.8 days. Secular equilibrium proves that the activities of the progeny and parent are effectively
equal after 7 progeny half-lives (Figure 1.7). In 1974, Skrabble et al. offered a solution to the
Bateman Equation that allowed for production by other means and also was more agreeable with
modern computer programming. Typically computer calculation difficulties exist when they
struggle with how to handle empty sets, or two numbers are extremely close to each other and
rounding becomes a significant issue (Harr 2007). While, modeling software exists that offer
visual representation of the activities or quantity of isotopes versus time for long decay chains as
of this research they are limited by either requiring a pure parent (no presence of progeny) or
limited to few orders of progeny (6 or less).
In 2015, Li et al. proposed a mathematical means of early estimation of Uranium series decay.
Using measurements of 214Pb ingrowth, activity of 226Ra could be reasonably estimated soon
after sealing. They recommended, at minimum, 3 sample runs to best assure the model can
accurately estimate the activity of 226Ra. It was experimentally verified with a spiked sample and
the method effectively shortened a 28-day waiting period with 1-day of analysis to a 3-day
analysis period. However, the authors acknowledged that additional study of the analysis may be
necessary to better understand the limits of this approach.
1.2. NORM in Seafood
NORM is a major contributor to humans’ effective dose. While the portion of background
radiation contribution to humans’ total dose has lessened as medical exposures have increased
(NCRP 93 & NCRP 160), it remains the largest contributor. Human uptake pathways vary
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significantly (O’Brien 1998). For the general public, the primary risk is through inhalation, water
ingestion, and food ingestion (Smith 1992). The source of NORM in the seafood also will have
multiple routes of entry; ambient seawater, sediment, and ingestion of food (Craddock 2018).
Research suggests, at least for the NORM studied, that the major contributor to total
bioaccumulation is by food ingestion for marine animals (Carvalho et al. 2010).
There has been a fairly recent surge in NORM analysis particularly in its effects on the marine
environment. While studies of the source of NORM in aquatic species, the range of its activity,
and the implications of its presence are slowly developing and the core agreement is consistent,
more data are needed.
NORM in aquatic species has been recently studied in places like Kuwait, China, North Atlantic,
Izmir bay, the coast of India, and other locations. However, very little has been studied in the
Gulf of Mexico. The only report found specific to the Gulf of Mexico was completed in 1998.
Although its contribution is extremely valuable, petroleum industry exploration and production
methods are growing and major environmental disasters have occurred. Thus, current data are
needed.
While several comparable data exist, it is difficult to confidently compare the average activity
concentration from one region to another, or even from one study to another. This is partially due
to detector limits when discussing very low activity. In many studies, several measurements will
not be included due to them being below the minimum detectible activity (MDA). It would not
be accurate to include these as “zero” in an average, but nor is it accurate to include the MDA in
the average. This could potentially create a bias in calculating the average while making one
region falsely appear to have a higher value than the other. However, it is still the best available
comparison with some caution. Similarly, species ranges also offer an additional interesting
14

component to these analyses. While averages still stay constant over many of the studies, outliers
present additional information and value in measurements.
In 2010, Carvalho et al. investigated several deep-sea fish and organisms in the North Atlantic
ocean. Samples were collected directly from Portuguese trawlers fishing along the west coast of
Portugal to the Newfoundland slope.

226

Ra measurements ranged from 0.02 to 0.9 Bq kg-1

(muscle tissue, wet weight) with an average of 0.26 ± 0.6 Bq kg-1. 40K measurements ranged
from 32 to 152 Bq kg-1. Additional samples were caught by hook and line off of Madeira and
Azores. 226Ra ranged from 0.1 to 0.6 Bq kg-1 with an average of 0.35 ± 0.05 Bq kg-1. The
authors also concluded that 210Po and 40K were the largest contributors to the samples analyzed
for internal doses. 228Ra was not directly studied.
Uddin et al. studied the Kuwait marine environment in 2015. They found that larger fish (benthic
and pelagic) had 226Ra activity concentration ranging from 0.7 to 5 Bq kg-1 (whole fish, dry
weight) with an average of 2.2 ± 1.1 Bq kg-1, 228Ra ranging from 1.2 to 15.8 Bq kg-1 with an
average of 6.2 ± 2.9 Bq kg-1, and 40K ranging from 230 to 477 Bq kg-1 with an average of 353 ±
37 Bq kg-1.
In 2011, Antovic and Antovic reported studies of 226Ra in mullet from the South Adriatic sea.
Measurements ranged in whole fish from 0.43 to 2.05 Bq kg-1 (wet weight) with an average of
1.0 ± 0.1 Bq kg-1.
Sowole (2014) also investigated NORM in fish. This research looked at major rivers in south
west Nigeria. Whole fish were analyzed. 226Ra measurements ranged from 1.07 to 2.1 Bq kg-1
(dry weight) with an average of 1.84 ± 0.14 Bq kg-1. 228Ra measurements ranged from 1.12 to
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7.21 Bq kg-1 with an average of 3.2 ± 0.7 Bq kg-1. 40K measurements ranged from 21.82 to 87.07
Bq kg-1 with an average of 53 ± 7 Bq kg-1.
In 2016, Tuo et al. studied NORM in several different food types collected along coast China.
Average activity concentrations for 226Ra, 228Ra, and 40K for seafood are 0.39 ± 0.71 Bq kg-1,
0.89 ± 1.69 Bq kg-1, and 91 ± 125 Bq kg-1, respectively. While ranges were not reported, the
standard deviations implied a large scatter of data (n=57).
One of the most directly relevant research on the Gulf of Mexico was reported in 1998.
Meinhold and Holtzman studied several fish species along the Texas and Louisiana coast. Their
measurements ranged from 0 to 1.7 Bq kg-1for 226Ra and 0 to 18.8 Bq kg-1for 228Ra. The average
activity concentration was 0.27 ± 0.03 Bq kg-1of 226Ra and 1.10 ± 0.13 Bq kg-1of 228Ra. This
study had the largest dataset of those reviewed (nearly 200 fish samples).
1.3. Regulation of NORM
Federal regulation of NORM is limited (Smith 1992). While there have been several attempts for
regulation to amend exemptions under Resource Conservation and Recovery Act (RCRA)
subtitle C, very few of them have received necessary traction for change. Explanation of this
may include the practical considerations of enforcement when the limitations on analysis (e.g.,
wide ranges of background measurements) aren’t always regional. Likewise, quantifying what is
a reasonable elevated risk from radiation exposure is also difficult. States in the US have been
much more successful in implementing NORM regulation. Louisiana requires a general
radioactive material license for anyone who handles NORM with concentrations of 226Ra or
228

Ra greater than 5 pCi/g above background. In addition, they require all NORM wastes to be

disposed of at a licensed NORM disposal facility and records be maintained (Smith 1992). Texas
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and Michigan also have similar regulations. While these regulations help minimize radioisotope
accumulation in seafood, it is not as straightforward as other radioactive sources concerning
industries. In the nuclear power industry, samples of seafood nearby are regularly taken and
analyzed if regulated radionuclides are found above regulatory limits, corrective action must be
taken promptly. However, these radionuclides are not typically expected to be present in seafood.
On the other hand, it is known that the NORM is present in seafood samples, complicating this
issue.
1.4. Statement of Problem
Several years have passed since the Gulf of Mexico seafood was analyzed for NORM. Without
current baseline data, there is a concern that distinguishing NORM from TENORM in seafood
samples will be impossible. This research presents (1) a mathematical means to model the
complex decay chains from sample collection and preparation to sample analysis, (2) a means for
early measurements of 226Ra when the decay series is not in equilibrium with its progeny, and (3)
226

Ra, 228Ra, and 40K analysis of selected seafood samples collected in Alabama and Louisiana as

a baseline for future comparison for NORM in seafood in the Gulf of Mexico.
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CHAPTER 2. VISUALIZING HIGH ORDER DECAY AFTER DISEQUILBRIA
2.1. Introduction
High-order Bateman equations are commonly used in health physics to calculate parent and
progeny activities. Typically, the Bateman equation can be solved relatively easily in closed
form under conditions of equilibrium or that of a pure parent. Yet a complete solution that allows
for more complicated boundary conditions can better be used to facilitate the understanding and
visualization of the temporal behavior of progeny activities during more complicated high order
decay.
In situations where either it is known that progenies exist but are not in equilibrium with the
parent or something disturbs equilibrium during processing the Bateman equation is more
difficult to apply. This commonly occurs when one wants to compare calculations to
experimental measurements. A simplifying assumption such as equilibrium may not be true;
while equilibrium may exist in the environment, sample collection or preparation may cause
some progeny activity to be lost. An example of this issue is naturally occurring radioactive
materials (NORM) that contain gaseous progenies (e.g., uranium and thorium decay series).
These gaseous progenies can escape if the sample is not sealed properly. The escape of radon gas
during sample preparation is used as an example for this work.
When disequilibrium occurs, an acceptable practice is to seal the sample and wait for equilibrium
to be restored. Unfortunately, waiting some time to reestablish equilibrium before making

This chapter previously appeared as Charles A. Wilson IV, Katherine R. Hendrickson, Amin M.
Hamideh, Kenneth L. Matthews II, and Wei-Hsung Wang, “Visualizing High-Order Decay after
Disequilibria,” December 2018. It is reprinted by permission of Health Physics Journal.
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measurements is not time efficient, especially for a decay chain with long-lived progenies.
Although some techniques are available to shorten the waiting time (Li et al. 2015),
approximations may limit the accuracy of results. The full Bateman equation is necessary to
correctly predict activity of the parent or progenies in a non-equilibrium situation.
This project was motivated by a difficulty to find software or code that models radioactive
transformation when the original decay chain does not have a pure parent. This search focused
on online published solutions for nth order Bateman equations, especially those that allow
arbitrary initial progeny concentrations. While a variety of resources were discovered, few of
these offer the ability to specify arbitrary initial progeny activities and often are limited to
only a few orders of progenies. Of the solutions that seemed feasible, preliminary coding
and hand calculations of these solutions resulted in inconsistent answers when compared to
calculations from Bateman’s original equation (Bateman 1910). We think these
inconsistencies are due in part to simplified assumptions or poorly defined variables that
were generally not well-documented. This reiterates a fact that there is potential risk when
blindly accepting online information that has not been vetted through a (peer-review)
process. One solution (Skrable et al. 1974) was found to be consistent over all orders tested.
However, it was not currently found in a form of code or software that would allow
modeling.
The first goal of this project was to generate code containing minimal assumptions to
construct and visualize Bateman’s equations for high order decay progenies with arbitrary
initial progeny activities (Bateman 1910; Skrable et al. 1974). Because the code allows for
any amount of original progenies present, it models what happens during the hours, days, or
months following a disturbance of equilibrium to enable calculation for the entire chain of
19

progenies. A second goal of the code was calculation of the cumulative disintegrations over
a specific time period to allow for comparison to actual counting measurements such as
those from gamma spectroscopy. This feature is important, because gamma spectroscopy is
a useful tool for quantification of radioisotopes. This paper further explains the
implementation of the code and its use; because of its general applicability, we intend for
the code to be freely available to the health physics community. Mathematica (Wolfram
Research Inc.) is a software platform that allows symbolic mathematical coding to solve
equations of a wide variety of forms. Mathematica, and similar software such as Matlab
(MathWorks, Inc.), is widely used in academic, research and industry settings. As well as
being a powerful equation solver, Mathematica includes an integrated suite of tools for data
visualization and analysis. These features make Mathematica a good choice for solving high
order Bateman equations. While the code was written using this software, it could be
transcribed into another comparable software without much editing.
2.2. Methods
2.2.1. Code Concept
The goal of this code is to calculate the full Bateman equation for a high order decay chain,
with minimal simplifying assumptions. As inputs, the code (Figure 2.1, Appendix B. For the
Mathematica file, contact the first author.) requires the initial concentrations of the parent
and its progenies, as well as the corresponding decay constants. The code calculates up to 13
progenies in a decay chain because this is the number of radioactive progenies in the
uranium chain for NORM analysis. The code is written to handle arbitrary units for
concentrations and decay constants, so long as all inputs are provided in the same units. For
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example, all initial concentrations could be specified as number of atoms or as moles, while
the decay constants could be specified as “per day” or “per minute.”

Figure 2.1. Sample picture of code.
An important operational detail of the code is to check the computer’s minimum number
precision to avoid data underflow; the code automatically chooses a high-precision number
format, e.g., double precision for floating point calculations. The code also turns off
Mathematica’s default setting to report an error when a number falls below the computer
precision. The purpose here is to minimize accumulated round-off errors. For instance, if the
differences between two decay constants are smaller than the computer’s precision, the
difference is rounded to zero, which can produce an incorrect answer (Harr 2007). This
problem is exacerbated as the error is propagated through multiple time steps, or if the
difference occurs in the denominator of a calculation. In the case where a small difference
occurs only in a numerator, rounding to zero is typically not a problem.
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The code requires the initial and final times over which the user wishes to integrate the number
of disintegrations. This allows the code to generate total disintegrations over a period of time for
comparison to counting data from gamma spectroscopy or field measurements; the user must
correct for detection efficiency, yield, geometry, and other practical considerations when
comparing the code output to counting measurements. These time limits must use the same units
as the decay constants.
Once the inputs are provided, the code calculates progeny activities at any elapsed time t, using
the Bateman equation expanded for each progeny. The code then produces three example plots:
activity vs. time, log activity vs. time, and log activity normalized to parent activity vs. time
(Figure 2.2). The user specifies the time range of these plots by providing starting and ending
times for the plot; the time range is specified in the same units as the decay constants. Note that
these times for plot range are independent of the integration time range described earlier.

Figure 2.2. Sample output for relative activity during the first half day after losing 50% of
gaseous progenies in a uranium sample.
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Finally, the code outputs the quantity (e.g., number of atoms) of each progeny at a user-specified
final time point. These final quantities can be used to compare to measurements at the
corresponding time, or used as inputs for a new run, for instance after changing one or more
progeny activities to represent loss of gaseous progeny activity during sample preparation.
2.2.2. Code Testing—Comparison to Experiment
To evaluate the code, the gamma spectrum of an unknown concentration of liquid 226Ra with
possible carriers was measured repeatedly using a Canberra high purity germanium (HPGe)
detection system over a 47‐d period. A liquid 226Ra sample from a sealed container was pipetted
onto a 125‐mm diameter Whatman® filter paper. The filter paper was placed into a petri dish
without a lid, and then placed into an HPGe detection system and counted for 20 h. Analysis of
activity and background was performed by the Canberra software. Next, at 24 h after pipetting,
the petri dish was removed, covered, placed into a plastic bag and double sealed using a
“FoodSaver vacuum” kit. After this, it was placed into a second bag and double sealed again.
Finally, the sealed petri dish was returned to the HPGe detection system and counted again for
20 h. Over the next 28 d, the sample was counted an additional 8 times for 20 h each. On Day 30,
the petri dish was unsealed and the cover was removed. The sample was run again for 20 h. A
final 20‐h run was repeated 17 d later. Refer to Table 2.1 for measurement schedule. In principle,
the sample preparation process (Day 0) disturbed the secular equilibrium of 226Ra and its
progeny. Some amount of the gaseous progenies should have escaped during the pipetting. Once
sealed, the progenies should have built up, returning to equilibrium over the next 28 d. Unsealing
the sample after 30 d should have again disrupted equilibrium with the loss of gaseous progenies.
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Table 2.1. Measured and predicted total disintegrations for radium decay, predictions could not be made for day 0 since it was used in
the calculation.
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Using photopeak counts on Day 0 and Day 29, starting activity and equilibrium activity were
determined. The starting values were used as input to our code to predict the 226Ra sample in
secular equilibrium and compared to the measured equilibrium activity on Day 29. Because
radium has a 1,600‐y half-life, the activity of radium did not change significantly over the
measurement period. Photopeak counts on Day 30 and 47 were used to verify that there was no
significant error in the Day 0 estimate for initial inputs. The average line activity was calculated
for 214Pb based on the 242 keV, 295 keV, and 352 keV photopeaks. The same was done for the
609 keV, 1120 keV, and 1238 keV photopeaks of 214Bi. The measured counts were converted to
expected values using the calibration curve of the HPGe detection system and yields compiled by
International Atomic Energy Agency (Nichols et al. 2008). Relative error was determined by
acquiring nine 20‐h spectra from an identically-prepared 226Ra sample that had been stored for 28
d to achieve equilibrium. The various line activities for 214Pb and 214Bi should be equal when
yield and detection efficiency are corrected, so these measured deviations encompass all error
sources (geometry, setup, detection efficiency, etc.). This error was propagated with the counting
statistics standard error to determine uncertainties for each measurement. Because the 1‐sigma
error bars overlap, the differences are unlikely to be statistically significant and the shape of the
three curves are similar (Figure 2.3, Table 2.1).

25

Figure 2.3. Measured and predicted values for Lead and Bismuth in the Radium decay series.
2.2.3. Code Testing—Alternative Coded Approach
As this physical testing still leaves several potential variables untested, an alternatively coded
version of the Bateman equation using array math was used to compare the original code too.
Given fourteen values for decay constants (denoted 𝜆i for i from 1 to 14), a 14‐by‐14 array, A,
was created to compute the differences between l values. The elements of A were defined as
follows:
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𝐴,

𝜆
𝜆,
𝐴,
1,

𝑖
𝑖

𝑗
𝑗

A=
(Equation 2.1)
where i corresponds with rows and j corresponds with columns. With a value for time (t), b
accounts for the fraction of each radionuclide remaining and is defined in equation (2.2) for the
14 radionuclides in the decay series:
𝑒

𝑏

(Equation 2.2)
Then an upper triangular 14-by-14 array C was formed using the following formula (Equation
2.3) for i and j from 1 to 14:
𝐶,

∑

∏

,

C=
(Equation 2.3)
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Another upper triangular 14‐by‐14 array D was defined by the following equations for i and j
from 1 to 14:
⎧
𝐷,

𝜆 ,

⎨
⎩ 𝐷,

𝑖

𝑗

1, 𝑖

𝑗

D=
(Equation 2.4)
A final upper-triangular 14‐by‐14 array E was created by taking the product of elements from
array C and array D and given initial concentrations of the parent and its progenies xi for i from 1
to 14:
𝐸,

𝑥

𝐶,

𝐷,

for i and j from 1 to 14

Ei,,j=
(Equation 2.5)
The quantity of radionuclide i was calculated by taking the sum of each column in array E. Each
column provides the solution for the number of atoms present at time t for each isotope in the
decay chain (1–14) with the input variables of time, initial quantities, and decay constants.
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2.3. Results
The produced code could be tested for accuracy using several hand calculations since the
Bateman equation is well known. However, two alternative approaches were used to verify that
there were no mistakes in the code. The first, “Comparison to Experiment,” compared the code
with actual measurements from a 226Ra sample not in equilibrium with its progenies at several
different times while the sample achieved equilibrium (Table 2.1, Figure 2.3). The differences
between the theoretical (code) and their corresponding averages found from the 214Bi and 214Pb
photopeaks were not distinguishable from zero (p > 0.05). The measured values for 214Bi and
214

Pb were the same when error is accounted for however, there was an apparent trend for 214Pb

to be lower than 214Bi where according to the code they should be almost identical. It is possible
that this error is due to the available photopeaks and efficiency in calibration of the detector since
all of the 214Pb used photopeaks are a lower energy than those used for 214Bi. A small error in the
efficiency of the lower energies or higher energies could appear as this bias. While the results
from the first test of the code were positive, it only tested a few of the coded progenies and
leaves several unused variables. To better compare all values and variables, a second
comparison, “Alternative Coded Approach,” was done using arrays. When the same input
parameters for time, initial quantities of parent and progenies, and decay constants were input the
array approach produced identical values for quantities of parent and progenies at time t.
2.4. Discussion
One limitation of the code as currently written is that it does not include branching decay modes
or additional production. These issues were not a concern for the original intended application of
predicting progeny activities from NORM samples for comparison to counting measurements.
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This code could be modified to include branching decay or production, if needed by manually
editing the formula within the code. Another limitation is that the code is currently written in
Wolfram Mathematica, a license-based software. Because the code is straightforward in design,
it could be translated to other license based or open-source platforms, such as Matlab or Excel, to
increase its availability. While the code could be written into a stand-alone application, this
would additionally require replicating the built-in data visualization features that were an
advantage of using Mathematica.
2.5. Conclusion
Code was developed to calculate and visualize the time-activity curves of multiple orders of
progenies after loss of equilibrium. The formula was tested experimentally and again
theoretically and was found to be a reliable means of determining activity. The code was made
freely available for fellow health physicists to use.

30

CHAPTER 3. DETERMINATION OF URANIUM SERIES ACTIVITY BEFORE
SECULAR EQUILIBRIUM IS ESTABLISHED
3.1. Introduction
Analysis of naturally occurring radioactive material (NORM) is essential. With 222Rn
contributing to 68% of the ubiquitous background activity for the general public (NCRP 2009),
accurate measurements of the uranium series are vital and analysis can often be time sensitive.
While there are several approaches to conduct uranium series measurements such as alpha
spectrometry, liquid scintillation, and mass spectrometry, one of the most common and
advantageous practices is the use of gamma spectroscopy (Li et al. 2015). However, sample
preparation can be very time consuming as the most common approach technique is to seal the
sample and wait for 28 days for the gaseous progeny to reach secular equilibrium (Tzortzis et al.
2004). Once this step is complete, the radioactive progeny with high energy, high radiation
yields and unique energy peaks can be used as reliable surrogates to determine the activity of
other members in the decay chain.
There are some approaches that seek to reduce this wait time, but they require assumptions
regarding 222Rn leakage (Van Cleef 1994), and others warrant further investigation into
implications on error and uncertainty (Li et al. 2015). Our objective is to further explore that
error and uncertainty.
The progeny activities in a serial decay chain can be described by the Bateman equation
(Bateman 1910). In the uranium decay series 214Pb and 214Bi are often used as proxies to estimate
the activity of 222Rn, 226Ra or 238U (depending on assumptions that can be established about the
sample). Typically, this assumption requires the sample to be both very old (over 106 years)
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(Chiozzi et al. 2002) and in a condition that does not allow for gas to escape for several days in
order to allow 222Rn and its progeny to achieve secular equilibrium (Tzortzis et al. 2004). Once
equilibrium is established, 214Bi energy peaks (609 keV, 1120 keV, and 1764 keV) and 214Pb
energy peaks (242 keV, 295 keV, 352 keV) are at energies that are reasonably distinguishable
from other radioisotopes (Bé and Chechev 2013). Depending upon the type of sample and
assumptions regarding equilibrium, once 226Ra or 238U is solved for either can be used to
calculate the other.
222

Rn escape is the major source of difficulty when using gamma spectroscopy on uranium series

samples. If one can reasonably demonstrate that the physical characteristics of the sample
prevent significant gaseous escape, the sample may be immediately analyzed (Van Cleef 1994);
for granular materials emanation of 222Rn varies with grain size of the sample and is typically
less than 25% (Stajic and Nikezic 2014). However, depending on the sample and application of
the analysis, sample porosity and water content could be difficult to quickly verify.
In 2015, Li et al. reported that 214Pb ingrowth could be used soon after sample preparation to
accurately determine initial 222Rn and equilibrium 226Ra activity. Using a covariance matrix by
weighted least squares, they used repeated measurements of 214Pb and were successful in
providing a method for determination of 222Rn and 226Ra with equilibrium not yet established. It
was confirmed experimentally within the paper and sets a great benchmark of what is feasible
long before secular equilibrium is established. However, the authors recognize that statistical
fluctuations could influence the results (Li et al. 2015). We offer mathematical testing to further
improve upon this approach.
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3.2. Method
Three methods were modeled using randomized and normally distributed variable inputs to
determine the feasibility of decreasing the wait time necessary to accurately measure uranium
series activity by gamma spectroscopy and its implications on uncertainty and error. The first
method used incorporates two equations (the number of 214Pb and 214Bi atoms at time t) to
determine parent activity, the second uses two measurements of 214Pb at two different times
(t=24 and t=48 hours) based on Li et al. (2015), and the final was a combination of the two
approaches using both measurements of 214Pb and 214Bi at two different times as secular
equilibrium is approached.
For all three approaches it was assumed there is a 6 million year old sample that was originally
one pure mole of 238U, and has since reached secular equilibrium with all of its progeny. We also
assumed that during the collection and preparation of the hypothetical sample, 33% of the 222Rn
escaped and then the sample was sealed in order to start reestablishing secular equilibrium.
Utilizing code for describing such events, (Wilson et al. 2018) the number of atoms of 214Pb and
214

Bi 24 and 48 hours after a 33% loss of 222Rn was determined (Table 3.1). All three models

used these calculations as the inputs to try and calculate the original number of atoms of 238U or
226

Ra and 222Rn accurately.
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Table 3.1. Number of atoms of specific progeny in the Uranium series (one mole of 238U
disturbed after 6 million years losing 33% of the 222Rn).

Radionuclide

Number of
atoms
at t = 0

Number of
atoms
at t = 24 hours

Number of
atoms
at t = 48 hours

238

U

6.02 x 1023

6.02 x 1023

6.02 x 1023

226

Ra

2.14 x 1017

2.14 x 1017

2.14 x 1017

222

Rn

9.36 x 1011

1.01 x 1012

1.08 x 1012

214

Pb

6.80 x 109

4.92 x 109

5.23 x 109

214

Bi

5.00 x 109

3.61 x 109

3.84 x 109

The three methods were tested using the precise number of atoms of 214Pb and 214Bi provided by
the code. However, in order to incorporate expected error from sources such as geometry, setup,
detection efficiency, etc. in a realistic measurement, each model was run an additional 20,000
times with the input variables (number of atoms of 214Pb and 214Bi at time t=24 or 48 hours)
including a normally distributed standard deviation of 5%. In other words, each of the additional
20,000 runs was close to the precise value calculated by the code, but never exactly perfect. This
approach would better reflect real world measurements.
To keep all mathematical comparisons as simple as possible, sampling time was not accounted
for (i.e., it was assumed the activity was measured instantaneously). When samples are run, it
happens over a course of time and ultimately provides an average activity over that time period.
Because all three approaches would utilize this time and include the same source of error, it was
omitted from the mathematical comparison. Explanation of how to account for sample counting
time is included in the Application section.

34

3.2.1. Approach 1
The first approach used an expansion of the Bateman equation (Wilson et al. 2018). By
rearranging the expansion, one can interchangeably solve for the number of atoms of parent or
progeny radioisotopes depending on what variables are available and desired.
In the case of this decay series (238U), for a sufficiently old sample (several million years), the
first five progeny (i.e. 234Th, 234mPa, 234U, 230Th, 226Ra) can be considered to be in equilibrium
with 238U. Therefore, the starting quantities at sample preparation (t=0) of all of these progeny
can be rewritten as functions of the original number of atoms of 238U. Alternatively, depending
on the desired output of the experiment these can be written in terms of one of the five initial
progeny such as 226Ra.
Due to the escape of gas, 222Rn and its progeny cannot be simplified in terms of 238U. However,
because the half-life of 218Po is very short compared to 222Rn and 214Pb, the decay chain can be
simplified to ignore this progeny (Li et al. 2015). Furthermore, if time has passed after sealing
the sample, 214Pb and 214Bi’s initial contributions to any activity after a few hours can be
assumed negligible because most of their original radioactive atoms have decayed. This claim
can be demonstrated with a simple example (Figures 3.1 and 3.2). Three samples are prepared:
the first (dashed) with one mole of 222Rn already in secular equilibrium with its progeny (214Bi
and 214Pb), the second (dotted) with the same amounts of 214Bi and 214Pb but no 222Rn, and the
third (solid) with one mole of 222Rn (no 214Bi and 214Pb exist initially). The plots of the number
of atoms of each 214Bi and 214Pb versus time indicate that there is no significant difference in the
number of atoms from the initial progeny after a few hours and that most initial atoms are gone.
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Therefore, for a sample measurement after a few hours, contributions of the initial atoms of
218

Po, 214Pb, and 214Bi can be reduced to zero.

Figure 3.1. Number of 214Bi atoms with progeny already in secular equilibrium with 222Rn
(dashed), with progeny only (dotted), and with 222Rn only (solid).

Figure 3.2. Number of 214Pb atoms with progeny already in secular equilibrium with 222Rn
(dashed), with progeny only (dotted), and with 222Rn only (solid).
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These simplifications reduce equations of 214Pb and 214Bi to being functions with only two
unknowns, the initial number of 238U atoms and the initial number of 222Rn atoms. Finally, since
the decay constants and time are known, they can be substituted into the equations for further
simplification. As previously mentioned, depending on the needs of the experiment, the two final
equations could be written in terms of 226Ra atoms and the initial number of 222Rn atoms instead
since it is assumed 226Ra and 238U are in equilibrium (or in many cases 226Ra may be the parent
radioisotope).
With two equations, the atoms of 214Pb at time t and the atoms of 214Bi at time t, each with the
same two unknowns, a system of equations can be used to calculate the unknown variables (the
number of atoms of 238U or 226Ra and 222Rn at t=0).
This calculation was done once with the precise-determined values of 214Pb and 214Bi atoms at
t=24 hours, and then again 20,000 more times with a 5% standard deviation of the variable inputs
to determine output error.
3.2.2. Approach 2
A similar concept to Approach 1 was published in 2015 (Li et al.). Instead of one single
measurement of 214Pb and 214Bi, a minimum 2 measurements of the same isotope (214Pb) are
used. Assumptions similar to those in approach 1 are made. In Li et al.’s publication, initial 226Ra
and 222Rn are the desired activities, but as previously mentioned this substitution does not
significantly change the approach. Li et al. used a covariance matrix by weighted least squares
which also allows for additional measurements to be made to increase accuracy. This approach
was tested successfully within the publication. To keep the comparison straightforward, all
measurement variables (gamma ray emission, full energy peak detection efficiency, etc.) were
37

removed and it was assumed the measurement was taken instantaneously. Similarly, this analysis
assumes only two runs of the samples are taken and that 226Ra (A0) is the parent isotope and the
number of 222Rn atoms (B0) is the first progeny. Li et al. used activity as the root equation where
this comparison will use number of atoms.
Similar to Approach 1, the number of atoms of 214Pb (Ct) can be simplified to an equation with
two unknowns (226Ra and 222Rn) (Equation 3.1). Using a covariance matrix, one can solve for
these unknowns with Equation 3.2 and the determined number of atoms of 214Pb at different
times (Ct(t1) through Ct(tn)). Where λA through λC are the decay constants for 226Ra, 222Rn, and
214

Pb accordingly.
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(These are slight modifications of the equations published by Li et al. 2015.)
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This calculation was done once with the precise-determined values of 214Pb atoms (Ct) at t=24
and t=48 hours, and then again 20,000 additional times with a 5% standard deviation of the
variable inputs to determine output error.
3.2.3. Approach 3
While Li’s approach was proven useful within its publication, it seems reasonable that the
accuracy may be increased by including 214Bi since gamma spectroscopy typically would include
peaks for both of the progeny.
In order to combine the two methods, additional terms would need to be included in Equations 1
and 2. The number of atoms of 214Bi at time t (Dt), the 214Bi decay constant (λD), and the
determined number of atoms of 214Bi at defined times (Dt(t1) through Dt(tn)) (Equations 3.3 and
3.4).
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(Equation 3.4)
This calculation was done once with the precise-determined values of 214Pb (Ct) and 214Bi (Dt)
atoms at t=24 and t=48 hours, and then again 20,000 additional times with a 5% standard
deviation of the variable inputs to determine output error.
3.3. Results
The number of atoms of 238U and its progeny were determined for a 6 million year old sample
and the number of atoms 24 and 48 hours after 33% of the 222Rn escaped and the sample was
resealed. According to the previously published code (Wilson et al. 2018) the number of atoms
for each member in the decay chain after one day is shown in Table 3.1.
3.3.1. Approach 1
Using Equation 3 and 4 and the determined values of the number of atoms 214Pb and 214Bi,
Wolfram Mathematica’s built-in solve function was used to calculate the initial number of atoms
of 238U (6.02 x 1023) and 222Rn (9.36 x 1011), this estimate differs from the expected by 0.001%
for 238U and 0.005% for 222Rn. These small deviations are likely due to computer rounding.
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While this calculation appears successful, it assumes that the measurement of 214Pb and 214Bi was
perfect and has no equipment or sample sources of errors. One can estimate the impact of error
by repeating this trial several times with small random, but normally distributed, deviations in
the input variables. The same method was repeated 20,000 times with a standard deviation of 5%
of the mean values (i.e., 214Pb: 4.92 x 109 and 214Bi: 3.61 x 109) at time t=24 hours. To compare
with other similar approaches (Li et al. 2015), 226Ra and 222Rn were modeled. Unfortunately,
small errors in measurement produce large errors in results (Figures 3.3 and 3.4). The 5%
standard deviation in the measurement produces a mean of 2.15 x 1017 and standard deviation of
3.02 x 1018 atoms of 226Ra (CV=14.0) and a mean of 9.40 x 1011 and standard deviation of
3.78x1012 atoms of 222Rn (CV=4.0). Due the size of the standard deviation and presence of
negative (impossible) numbers of atoms, it is clear that this approach is not a reasonable, and
should not be used.

Figure 3.3: Approach 1 Scatter of 226Ra estimates due to 5% standard deviation in measurements.
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Figure 3.4: Approach 1 Scatter of 222Rn estimates due to 5% standard deviation in measurements.
3.3.2. Approach 2
Using Li et al.’s approach (modified as described), day 1 and 2 determined values for the number
of atoms of 214Pb were used (4.92 x 109 and 5.23 x 109). This approach yielded values for 226Ra
of 2.14 x 1017 and of 222Rn 9.35323 x 1011 that differed 0.003% and 0.028% from the expected
values, respectively. Again these small differences are inconsequential and likely due to
computer rounding. When 20,000 random samples with a standard deviation of 5% were run,
this approach does much better than Approach 1.
In Approach 2, a 5% standard deviation of the measurements led to a mean of 2.14 x 1017 and
standard deviation of 6.32 x 1016 atoms of 226Ra (CV=0.29) and a mean of 9.36 x 1011 and
standard deviation of 1.25 x 1011 atoms of 222Rn (CV=0.13) (Figures 3.5 and 3.6).
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Figure 3.5: Approach 2 Scatter of 226Ra estimates due to 5% standard deviation in measurements.

Figure 3.6: Approach 2 Scatter of 222Rn estimates due to 5% standard deviation in measurements.
3.3.3. Approach 3
Using a combination of Approach 1 and 2, day 1 and 2 determined values for the number of
atoms of 214Pb (4.92 x 109 and 5.23 x 109) and 214Bi (3.61 x 109 and 3.84 x 109) were used. This
approach yielded values for 226Ra of 2.14 x 1017 and of 222Rn 9.35 x 1011 that differed 0.003%
and 0.028% from the expected values, respectively. When 20,000 random samples with a
standard deviation of 5% were run, this approach improved upon approach 2.
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By simulating the same test with 20,000 runs the error improves again; a 5% measurement
standard deviation in the 214Pb and 214Bi gave a mean of 2.13 x 1017 and a standard deviation of
4.51 x 1016 atoms of 226Ra (CV=0.21) and mean of 9.34 x 1011 and a standard deviation of 8.96 x
1010 atoms of 222Rn (CV=0.10) (Figures 3.7 and 3.8).

Figure 3.7: Approach 3 Scatter of 226Ra estimates due to 5% standard deviation in measurements.

Figure 3.8: Approach 3 Scatter of 222Rn estimates due to 5% standard deviation in measurements.
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3.4. Application
This research found that uranium series activities can be determined with reasonable certainty
long before equilibrium has been established. It allows researchers flexibility in analyzing
NORM much faster, thus saving time and costs. To experimentally verify this approach, three
fish tissue samples were spiked with a known amount of 226Ra and analyzed according to the
third approach contained herein. Two High Purity Germanium (HPGe) detection systems were
used. Both systems were calibrated with a NIST traceable NORM gamma standard prepared by
Ekert and Ziegler using the same style petri dish as for the experiment.
The three fish tissue samples were blended separately and sealed in petri dishes using a vacuum
sealer. They were left for longer than 28 days for progeny activities to reach equilibrium. The
samples were then counted for 10 hours using the HPGe detection system to determine the
activity before spiking. Once completed, they were opened, disturbing equilibrium. Each fish
sample was then split into two equal portions. Homogeneous spiking was attempted by pipetting
5 drops of 50 µL 226Ra (18.5 Bq per 50 µL) into the petri dish below both portions, between the
two portions, and above both portions of the tissue sample within the petri dish (15 locations or
277.5 Bq total). The samples were subsequently sealed for, at minimum, 4 hours for the initial
activity of 214Pb and 214Bi to decay, and then counted for 10 hours. These samples were counted
again at around 24 hours later for 10 hours. If the proposed approach could use the
measurements of 214Pb and 214Bi to determine the initial activity of spiked 226Ra within
reasonable deviation, it would be considered adequate. While initial activity of 222Rn can be
reported, this activity cannot be verified by this experiment as 222Rn escape is not known.
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The activity of 214Pb and 214Bi for each sample run were determined by using the activity
reported by the Canberra Gennie 2000 software‡‡ for the 352 keV (214Pb) and 609 keV (214Bi)
photopeaks. Because activity was used and counting time now needs to be accounted for, a few
modifications were made to Equation 3.3.
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(Equation 3.5)
With the known counting time and decay constants, the coefficients for Ct and Dt can be solved
for each sample run. They can be then put into matrix F (Equation 3.4). The corresponding
activities should be multiplied by time (for total disintegrations during the sample counting time)
so that they can be used in matrix N and ωn (Equation 3.4). Using these inputs, one can solve
matrix Z, which will be the initial activity of 226Ra and 222Rn. A copy of the Wolfram
Mathematica code created to calculate this matrix is included (Appendix C). The major
contributions to total uncertainty were the detection efficiency uncertainty, uncertainty of the
model, and counting uncertainties.
All three samples produced results that were not statistically different from the known spiked
amount (Figure 3.9 and Table 3.2).
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Table 3.2. Measurements and calculated activities for three samples in disequilibrium.

Figure 3.9: Calculated and actual activity of 226Ra in experimental runs.
3.5. Discussion
By combining Approach 1 and Approach 2 into Approach 3 we reduce the model error by 40%
from that described previously by Li et al. (2015). The convergence of these methods increases
the likelihood of an acceptable level of error and further avoids the need to allow samples to
achieve secular equilibrium. Although the improvement is not as significant as the difference
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between the first two approaches, it reduces error with an easy addition since the values would
already be reported in most practices.
One additional value of this approach as opposed to waiting for secular equilibrium to be
established is that the output (initial number of atoms of both 222Rn and 226Ra) can give further
insight into the amount of 222Rn escaping the sample (222Rn emanation). The more classic
approach would not include this information as 222Rn would already be in equilibrium with 226Ra
with no available information on the original disequilibria of the sample.
While the combination (Approach 3) does reduce the standard deviation when compared to
Approach 2, it is by exactly the square root of the increase in counts (√2 𝑜𝑟 1.4 . This suggests
that the improvement is only due to the increase in data points in the matrix, and the model was
not improved by including a second equation. In other words, the improvement was equal to if
the sample had been run 4 times total with only 214Pb analyzed.
This research could be further improved upon by modeling effects of sample time. There would
be value in showing this mathematically or using real world tests with known samples.
Uncertainties in sampling time and time between sealing and sampling could also be modeled. It
would be important to fully understand how significantly errors in t could affect these
approaches.
3.6. Conclusion
238

U series activities can be determined accurately before secular equilibrium has been

established with only a few assumptions. A system of equations using the simplified Bateman
was successful only under ideal conditions (214Pb and 214Bi precisely known at time t), in practice
this reduction relies too much on perfect measurements to be useful. It was found that the
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approach published by Li et al. again proved successful in producing a significantly more
reliable initial 226Ra and 222Rn activity. But, if data are available, using both 214Pb and 214Bi will
further increase accuracy and only requires a small modification to the covariance matrix.
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CHAPTER 4. DEVELOPMENT OF A NORM BACKGROUND FOR SEAFOOD IN THE
GULF OF MEXICO
4.1. Introduction
Naturally occurring radioactive material (NORM) does not always convey the fear that is
commonly associated with man-made radioactive materials. However, from a dose and risk
perspective they both pose the same concerns. Radon, a naturally occurring radionuclide, is one
of the major contributors to cancer rates in the world’s population (United States Environmental
Protection Agency 2018). Polonium (210Po), another naturally occurring radionuclide and a
progeny of 238U/226Ra, contributes more to cumulative human dose than any man-made
radionuclide (Dahlgaard 1996). In many cases, there is very little that can to be done to reduce
the concentration of NORM. If human activities are causing significantly increased amounts of
NORM released, then it becomes an environmental and health concern. Elevated NORM
contamination is often associated with human activities. This contamination is typically referred
to as technically enhanced naturally occurring radioactive material (TENORM). Examples of
TENORM sources include construction materials, agriculture fertilizer, and mining for natural
resources. In the Gulf of Mexico, oil and gas exploration and extraction would most likely be the
greatest man-made contributor to elevated NORM or TENORM.
After environmental disasters like the Fukishima Daichi nuclear reactor meltdown or British
Petroleum Gulf of Mexico oil spill, it is important that various samples are taken to determine
the extent of environmental impact. However, man-induced effects come into question without
baseline data, specifically, data prior to an event. This is particularly true for environmental
radiation, because almost everything has some amount of radioactivity from natural
accumulation and/or man-made sources. An apparent public misconception contradicts the truth
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that if something is reported to be radioactive, it does not necessarily mean it was caused by a
natural or man-made disaster. Lack of baseline data can lead to this misinformation, which could
be destructive to communities that depend upon natural resources like fisheries.
The Gulf of Mexico states’ ocean associated economy is conservatively estimated to contribute
$109.9 billion per year to the gross domestic product and recreational fishing in Alabama and
Louisiana alone are estimated to generate $1-1.7 billion per year in nonmarket value (Shepard et
al. 2013). Misinformation concerning radioactivity found in seafood following any natural or
man-made disaster would significantly harm the region. The precedent for this was observed in
Fukushima Daiichi, Japan, where despite seafood species reaching safe and even background
levels of radioactivity concentration, the seafood industry continues to be heavily discounted
(Wakamatsu and Miyata 2017).
After some nuclear disasters, radioactive properties can help in identification of its origin. For
example, soon after the Fukishima Daichi disaster 137Cs and 134Cs was found in albacore
(Thunnus alalunga) in the U.S. Pacific Northwest (Neville et al. 2014). With the short half-life of
134

Cs, it is very reasonable to conclude that this was from a nuclear disaster regardless of

baseline comparisons. However, it is not as simple in the case of NORM when many of the
progeny radionuclides have half-lives that range from seconds to thousands of years. Still,
interest in analysis of NORM diminished after the Chernobyl incident in 1986 (Uddin et al.
2017) when focus of environmental impacts such as the Worldwide Marine Radioactivity Study
(WOMARS) typically sought information about man-made radionuclides (Povinec 2005). While
impacts of man-made radionuclides are very important to characterize, natural ones are vital as
well.
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The oil and gas industry provides a critical component of the Gulf of Mexico region’s economy
and the US’ energy independence. In general, this industry has evolved harmoniously with the
extensive seafood industry of the Gulf of Mexico, as an added benefit of oil and gas development
has been the additional fisheries habitat and recreational destination of oil and gas platforms
(Ajemian et al. 2015, Claisse et al. 2014). Nonetheless, the public has been occasionally
reminded of the presence of drill cuttings and produced water; the accumulation of NORM in
fish associated with oil and gas extraction has yet to be clearly understood. While some
researchers find that bioaccumulation of NORM in marine species appears low, they stress the
importance of continued observation (Krishnaswami and Cochran 2008). Some progeny from the
Uranium series have been also found to bioaccumulate significantly depending on the marine
species (Uddin et al. 2017b).
NORM research in marine environments has recently surged. Deep-sea species studied along the
North Atlantic (coast of Portugal to the Newfoundland slope) had 226Ra activity concentration
between 0.02 and 0.9 Bq kg-1 with an average of 0.26 ± 0.6 Bq kg-1 (muscle tissue, wet weight).
40

K was also studied and ranged from 32 to 152 Bq kg-1. Within the same study, fish samples

were caught by hook and line off of Madeira and Azores, the 226Ra activity concentration of
these species ranged from 0.1 to 0.6 Bq kg-1 with an overall average of 0.35 ± 0.05 Bq kg-1
(Carvahlo et al. 2010).
Also in 2011, 226Ra in mullet was investigated along the South Adriatic Sea. Whole fish (wet
weight) showed 226Ra activity concentration from 0.43 to 2.05 Bq kg-1 and averaged 1.0 ± 0.1 Bq
kg-1 (Antovic and Antovic 2011). It is expected that slightly higher concentration of NORM will
be present when bone and organs are included within the study due to known organ targeting of
radionuclides.
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NORM in fish were analyzed within some of the major rivers in Southwest Nigeria in 2014.
226

Ra activity concentration ranged from 1.07 to 2.1 Bq kg-1 with an average of 1.84 ± 0.14 Bq

kg-1. 228Ra activity concentration ranged from 1.12 to 7.21 Bq kg-1 with an average of 3.2 ± 0.7
Bq kg-1. 40K activity concentration ranged from 21.82 to 87.07 Bq kg-1 with an average of 53 ± 7
Bq kg-1. All the activity concentration within this study were reported as whole fish dry weights
(Sowole, 2014). This would again increase expected activity concentration due to inclusion of
bone, organs, and reduction of moisture and mass by drying when compared to wet weight
muscle tissue only.
Another recent study of NORM in aquatic species, performed in Kuwait, found that benthic and
pelagic fish had activity concentration of 226Ra ranging from 0.7 to 5 Bq kg-1 (whole fish dry
weight) and an average of 2.2 ± 1.1 Bq kg-1. This research also included 228Ra activity
concentration in the species and found it ranging from 1.2 to 15.8 Bq kg-1 with an average of 6.2
± 2.9 Bq kg-1. 40K in the species studied ranged from 230 to 477 Bq kg-1 with an average of 353
± 37 Bq kg-1 (Uddin et al. 2015).
NORM in food samples was studied along the Coast of China in 2016. Of the seafood studied,
226

Ra had an average activity concentration of 0.39 ± 0.71 Bq kg-1, 228Ra had an average activity

concentration of 0.89 ± 1.69 Bq kg-1, and 40K had an average activity concentration of 91 ± 125
Bq kg-1. This research did not include ranges, but it did include sample size (n=57) (Tuo et al.
2016).
While studies such as these help create a modern glimpse of baselines and enhance general
understanding of NORM in seafood, there remains little data specific to the Gulf of Mexico.
Meinhold and Holtzman (1998) are one of the only sources of NORM in seafood specific to the
Gulf of Mexico. They studied species caught off of the coasts of Texas and Louisiana and
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investigated 210Pb, 226Ra, and 228Ra activity concentration in fish caught near oil and gas rigs in
the Gulf of Mexico. For the species analyzed, 226Ra activity concentration ranged from 0 to 1.7
Bq kg-1 with an average of 0.27 ± 0.03 Bq kg-1 and 228Ra activity concentration ranged from 0 to
18.8 Bq kg-1 with an average of 1.10 ± 0.13 Bq kg-1. While they found measurable quantities of
NORM, they determined the radioactivity to be far below levels of concern when estimating total
effective dose due to human consumption of recreational gulf fish. It is apparent that more
current and spatially diverse data for the Gulf of Mexico are needed.
Thus, the purpose of this project was to develop the techniques and begin to establish a NORM
baseline for representative edible aquatic species in the Gulf of Mexico. Results would be used to
understand the current status and to establish a baseline when assessing impacts of future events.
4.2. Materials and Methods
Fish samples (Ariopsis felis, Paralichthys dentatus, Sciaenops ocellatus, Lutjanus campechanus,
Cynoscion nebulosus, and Menticirrhus americanus) were collected by hook and line from
Barataria Bay, Louisiana, Mobile Bay and Fort Morgan, Alabama, and a research vessel, which
surveyed 5 locations within 25 miles of Dauphin Island, Alabama. Oyster (Crassostrea
virginica) samples were collected by hand from an oyster farm in Fort Morgan, Alabama (Figure
4.1). After collection, samples were labeled, sealed in plastic bags, and frozen for transportation.
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Figure 4.1. Locations where seafood samples were collected. Figure made using ArcMap 10.4.6.
Once recieved, fish samples were thawed, fileted to collect muscle tissue (edible portion), and
blended to maximize homogeneity. Samples of 50-120 grams were then transferred to 90mm
petri dishes. When enough mass (more than 50 grams) was present, one to two petri dishes were
filled for a single fish. When muscle tissue was less than 50 grams, species of the same type and
collection date were pooled to increase mass and decrease void volume in the petri dish. Oyster
samples were shucked, and all of the edible portion was blended and transferred to a petri dish.
Depending on the size, typically 3-5 oysters from the same collection date were used per petri
dish.
Once petri dishes were filled, they were then sealed inside of a vacuum bag using a “FoodSaver
vacuum” kit in order to establish secular equilibrium. To reduce the risk of the seal breaking, the
heat seal was applied again after vacuum sealing and then the vacuum sealed sample and sample
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bag were placed into a secondary bag which was vacuum sealed again (Figure 4.2). While this
packaging increased the thickness of plastic surrounding the sample, it was assumed that the
increase in attenuation was negligible. If the activity was sufficiently high, code using 214Bi and
214

Pb ingrowth could be used to quickly measure equilibrium values (Wilson et al. 2019).

However, due to the low activity of the majority of the samples, they were stored 28 days or
longer to allow progeny to reach secular equilibrium with their parents.

Figure 4.2. Sample preparation for HPGe analysis.
In order to verify that the seal was successful in containing the gaseous progeny (222Rn) in the
bag, three proof of concept runs were done. Approximately 100 grams of fish muscle tissue was
blended and split into two equal portions to be layered into a petri dish. The sample was spiked
with 277.5 Bq of liquid 226Ra by pipetting 5 drops of 50 µL each; first at the bottom of the petri
dish, then on top of the first layer of fish tissue, and finally on top of the second layer of fish
tissue (Figure 4.3). The petri dish was gridded to best assure the spike was evenly distributed.
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The petri dish was then sealed as described earlier; two additional replicates were made.
Measurements confirmed success as both the two-day ingrowth by code (Wilson et al. 2019) as
well as the 28-day equilibrium activities of 214Bi and 214Pb were consistent with the activity of
the spiking. Once the seal was verified as an acceptable means to achieve secular equilibrium,
the seafood samples were prepared by the same method.

Figure 4.3. Spiked sample preparation.
Samples were placed into a high purity germanium (HPGe) detection system for 10 or 20 hours
depending on its availability. Progeny radionuclides in secular equilibrium were used as
surrogates of measurement for 226Ra and 228Ra. Typically, weighted averages of all measured
progeny were used to determine the radium activity. 212Pb (238 keV), 208Tl (583 keV), 212Bi (727
keV), and 228Ac (911 keV) were used for 228Ra and 214Pb (295 keV and 352 keV) and 214Bi (609
keV and 1120 keV) were used for 226Ra. It was assumed each of the decay chains were in
equilibrium.40K was measured directly by the 1460 keV photopeak.
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4.3. Results and Discussion
Measurable quantities of NORM were shown in all seafood samples; activity concentration of
228

Ra, 226Ra, and 40K are reported in Table 4.1. 228Ra data ranged from 0.12 to 2.80 Bq kg-1.

Individual species averages are shown in Figure 4.4. Based on ANOVA tests, there was no
statistical differences of 228Ra among different species (p>0.05). However, oysters (Crassostrea
virginica) appear to have the highest amount of 228Ra.

Figure 4.4: 228Ra activity concentration in seafood samples from the Gulf of Mexico.
226

Ra activity concentration ranged from 0.22-4.87 Bq kg-1. Individual species averages are

shown in Figure 4.5. According to the ANOVA test performed, there was little difference of
226

Ra among species (0.10 > p > 0.05). Oysters (Crassostrea virginica) again appear to have the

highest amount of 226Ra. This higher activity concentration for both 228Ra and 226Ra would be
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expected. Oysters are filter feeders and the sample included guts. It is reasonable that we might
have measured NORM bound to sediment in the oyster guts.

Figure 4.5: 226Ra activity concentration in seafood samples from the Gulf of Mexico.
40

K activity concentration ranged from 33.17-275.76 (Figure 4.6). 40K was the largest contributor

to cumulative activity for all radionuclides analyzed. However, according to ICRP 119 (Clement
et al. 2012), the effective dose coefficient (a measure of a radionuclides toxicity) for 40K is about
22 times smaller than that of 226Ra and 135 times smaller than that of 228Ra (1-year old ingestion)
(Clement et al. 2012). Fish species had significantly higher 40K activity concentration than
oysters (ANOVA p<0.05). This would also be expected, as fish typically have higher stable
potassium oysters.
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Figure 4.6: 40K activity concentration in seafood samples from the Gulf of Mexico.
Data were reasonably consistent with similar studies done in other bodies of water (Carvalho et
al. 2010, Varskog et al. 2003, Tuo et al. 2003, Antovic and Antovic 2011). However, we found
average activity concentration of 226Ra that was slightly higher than the average from the other
research of the same region (Meinhold and Holtzman 1998). When compared with the only Gulf
of Mexico data available prior to our study, a t-test indicated that the activity concentration of
226

Ra has increased (p < 0.05), but there was no statistical difference between the activity

concentration of 228Ra measurements (p > 0.05). Differences may be due to a real, higher
baseline in the Gulf of Mexico or detector limitations (i.e., unable to distinguish lower activity).
The best way to solve this would be to increase sample size and acquire advanced equipment.
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4.3.1. Future Work
This research can be further improved upon by investigating implications of additional variables,
such as the age of fish and proximity to oil and gas exploration and mining locations. Thus, a
larger dataset is necessary before claims would likely be statistically significant. Research would
also be further improved by inclusion of 210Po analysis. Unfortunately, its gamma emission is so
low that gamma spectrometry is not a feasible approach. Alpha spectrometry would have to be
used. Equilibrium assumptions could also be verified for the Thorium series by additional
measurements. It is the authors’ aim that this finding may enhance the understanding about how
the oil and gas as well as nuclear industries may impact or may impact aquatic species of the
Gulf of Mexico.
4.4. Conclusion
Our findings establish the initial baseline of NORM activity concentration for several edible fish
species in the Gulf of Mexico. Although NORM levels were below comparable regulating levels
of concern, they were found in every sample analyzed. However, more samples need to be
analyzed in order to establish comprehensive baselines and better understand differences among
regions, species, trophic levels, time of year, and effects from the oil and gas industries.
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Table 4.1. Radioactivity concentration in selected seafood samples along the Gulf of Mexico. BDL values were below detectible
limits.
Sample ID
Location
CFAL001 Fort Morgan, Alabama
CFAL002 Fort Morgan, Alabama
FLLA001 Grand Isle, Louisiana
OYNC001 Mobile Bay, Alabama
OYNC002 Mobile Bay, Alabama
OYNC003 Mobile Bay, Alabama
OYNC004 Mobile Bay, Alabama
OYNC005 Mobile Bay, Alabama
OYNC006 Mobile Bay, Alabama
OYNC007 Mobile Bay, Alabama
OYNC008 Mobile Bay, Alabama
OYNC009 Mobile Bay, Alabama
OYNC010 Mobile Bay, Alabama
OYNC011 Mobile Bay, Alabama
OYNC012 Mobile Bay, Alabama
OYNC013 Mobile Bay, Alabama
RDAL001 Fort Morgan, Alabama
RDLA001 Grand Isle, Louisiana
RDLA002 Grand Isle, Louisiana
RSAL004 Fort Morgan, Alabama
RSAL005 Fort Morgan, Alabama
RSAL006 Fort Morgan, Alabama
RSAL009 Fort Morgan, Alabama
RSAL010 Fort Morgan, Alabama
RSDI066 Research Vessel, Alabama
RSDI108 Research Vessel, Alabama
(table cont’d)

Species
Ariopsis felis
Ariopsis felis
Paralichthys dentatus
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Crassostrea virginica
Sciaenops ocellatus
Sciaenops ocellatus
Sciaenops ocellatus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
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Ra-228
Bq kg-1
0.37 + 0.14
1.38 + 0.68
1.16 + 0.42
0.22 + 0.1
2.49 + 1.1
1.56 + 0.78
1.26 + 0.55
0.78 + 0.17
2.8 + 0.53
0.87 + 0.31
0.77 + 0.31
0.46 + 0.18
2.03 + 0.95
1.52 + 0.85
0.93 + 0.19
0.82 + 0.63
1.27 + 0.27
0.12 + 0.05
0.33 + 0.15
0.43 + 0.26
0.83 + 0.47
0.71 + 0.38
0.98 + 0.71
1.7 + 0.65
0.85 + 0.58

Ra-226
Bq kg-1
1 + 0.43
2.45 + 1.12
0.68 + 0.19
1.88 + 1.14
3.81 + 1.46
1.11 + 0.39
3.19 + 1.32
4.2 + 1.53
2.88 + 1.51
3.07 + 1.23
1.96 + 0.8
0.7 + 0.37
1.35 + 0.58
1.29 + 0.58
1.25 + 0.45
1.21 + 0.99
1.07 + 0.4
1.25 + 0.6
1.02 + 0.54
0.69 + 0.21
0.44 + 0.08

K-40
Bq kg-1
128 + 10
128 + 11
211 + 15
54 + 6
42 + 4
71 + 11
35 + 5
43 + 9
47 + 6
66 + 10
33 + 7
39 + 6
52 + 8
40 + 7
68 + 11
65 + 6
143 + 19
176 + 17
78 + 8
169 + 12
176 + 11
160 + 13
180 + 15
168 + 11
174 + 13
172 + 11

Sample ID
RSDI113
RSDI127
RSDI147
RSDI154
RSDI158
RSDI166
RSDI170
RSDI177
RSDI193
TRLA001
TRLA002
WTAL001
WTAL002
WTAL003
WTAL004
WTAL005
WTAL006
WTAL007
WTAL008
WTAL009
WTAL010
WTAL011

Location
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Research Vessel, Alabama
Grand Isle, Louisiana
Grand Isle, Louisiana
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama
Fort Morgan, Alabama

Species
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Lutjanus campechanus
Cynoscion nebulosus
Cynoscion nebulosus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
Menticirrhus americanus
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Ra-228
Bq kg-1
0.28 + 0.15
0.39 + 0.2
0.81 + 0.22
0.86 + 0.35
0.23 + 0.1
0.52 + 0.24
0.71 + 0.24
0.44 + 0.22
2.09 + 1.34
0.39 + 0.21
0.99 + 0.39
0.49 + 0.25
0.27 + 0.16
2.08 + 1.19
0.99 + 0.25
0.47 + 0.17
0.3 + 0.1
0.69 + 0.24
0.6 + 0.33
0.26 + 0.08
0.44 + 0.2

Ra-226
Bq kg-1
0.43 + 0.12
0.96 + 0.4
0.58 + 0.2
1.15 + 0.37
0.43 + 0.15
0.66 + 0.07
2.04 + 1.16
1.26 + 0.3
1.66 + 0.72
1.19 + 0.72
0.81 + 0.31
2.69 + 0.91
0.22 + 0.06
0.68 + 0.4
3.43 + 1.51
4.87 + 1.11
0.35 + 0.13
0.34 + 0.09
1.16 + 0.57
1.6 + 0.77
4.02 + 1.12

K-40
Bq kg-1
165 + 8
168 + 11
184 + 11
188 + 15
178 + 10
157 + 12
185 + 13
191 + 14
155 + 10
158 + 22
151 + 12
134 + 7
142 + 10
119 + 9
190 + 17
276 + 19
133 + 10
147 + 11
130 + 9
128 + 10
122 + 10
157 + 14

CHAPTER 5. DISCUSSION AND CONCLUSION
The modeling for activity of Uranium series proved to be both successful and useful. Arbitrary
times, concentration, and activities can be precisely modeled with no limiting assumptions. This
model also helps one visualize how progeny activities respond after disturbances in equilibrium.
In addition, it presents an easy way to precisely calculate activities of parent and progeny at any
elapsed time t. This can be further adapted to other decay chains to study how different initial
activities of different progeny may influence analysis in the subsequent days or years (Figures
1.4, 1.5 and 1.6). This understanding helps accurately establish when progeny activity can be
used as a surrogate to estimate parent activity no matter how complex initial concentrations may
be (equilibrium or not). This model also led to the early analysis method where historically
secular equilibrium would have to be fully established, now analysis can be accomplished with
reasonable accuracy in a fraction of the required waiting time.
The early analysis method improved accuracy of recent previous strategies (Li et al. 2015) by
40% according to theoretical simulations and shortened waiting time by over 92% compared to
classic strategies. It was also validated experimentally with only two castings of a sample using
both 214Pb and 214Bi analysis. This reduced a typical 28-day waiting period to a day; sealing the
sample, waiting for 4 hours, and then counting the sample for 10 hours twice. However, it still
requires measurements to be above the detector’s MDA to minimize counting errors especially
for the low activity samples. This requirement is important because the simulation used 5%
standard deviation as a representative of detector error. Low count measurements will have
larger errors which will have a larger impact on the methods calculation of 222Rn and 226Ra.
Therefore, if high accuracy measurements were taken during the early analysis, the best
calculations could be done. This can often be achieved by increasing sample counting time. It
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may also be achieved by waiting for activity to increase. For example, after about 7 days the
sample should be within 75% of its maximum Uranium series activity and could still be
incorporated into the analysis method stated in Chapter 3. If the MDA is still not achievable at
this point, the full 28 days may be necessary. Although it is possible that the sample activity is so
low, it will not be distinguishable from the MDA without longer casting times.
This early analysis approach also allows for better understanding of radon emanation. If 28 days
are waited before any analysis is done, it’s more difficult to be confident that the seal is sufficient
or if the seal was ever necessary. However, the method suggested in Chapter 3 reports both 226Ra
and 222Rn (or 238U and 222Rn) at sample sealing time giving insight into the radon emanation and
whether the seal was successful.
All measurements of 226Ra, 228Ra, and 40K in seafood of the Gulf of Mexico was well below any
concentration of concern. It established a baseline of comparison to better understand how
NORM might distribute in the Gulf. It is difficult to properly compare this results to regulatory
limits. However, NORM is typically excluded by definition. Some possible comparisons are
EPA drinking water limits and IAEA NORM recommendations for waste. Neither are an ideal
comparison as waste is not typically consumed and water is consumed in much larger quantities
than fish. Still, EPA has a combined 226 + 228Ra limit of 5 pCi/L (~0.037 Bq kg-1) for drinking
water, less than most of the measurements taken in this research. IAEA recommends that
radioactive material be subject to clearance (i.e., do not warrant regulation) if the activity
concentrations of 238U, 232Th, and their progeny are less than 1 Bq/g (or 1000 Bq kg-1). This
recommended constraint is significantly higher than all measurements.
Another means of comparison is the effective dose via regular consumption of this seafood
would result in, an approach described by Meinhold and Holtzman (1998).
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𝐷

𝐶∗𝑄∗𝐹

D = Average annual dose (Sv)
C = Average activity concentration (Bq kg-1)
Q= Average Seafood quantity eaten (kg/year)
F= Dose conversion factor (Sv/Bq) (Clement et al. 2012)
These annual doses were summed for the three radionuclides analyzed. Using data for average
seafood eaten (Voorhees et al. 2015), a young adult eating 7 kg of seafood a year would increase
the individual’s annual dose by 0.72 mrem (for comparison, average Americans receive 620
mrem from all background sources per NCRP 160). This is significantly less than the public
limits of 100 mrem/year according to federal and state regulation. Based on ICRP (Clement et al.
2012) risk factors, this would increase the chance of a fatal cancer by 0.00036%. It is obvious
that the benefits of eating fresh seafood outweigh this statistically insignificant risk.
A passionate enjoyer of seafood would have to quickly consume 7250 kg of oyster meat (about
230,000-340,000 oysters) to see even the earliest acute effects of radiotoxicity (changes in blood
cell count). This is an unreasonable amount of consumption in a short time span.
Averages of activity concentration from several recent publications are summarized in Figures
5.1, 5.2, and 5.3. Dry weight and wet weight samples are not distinguished.
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Figure 5.1. Baseline comparisons of 40K in seafood from different waterbodies across the world.
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Figure 5.2. Baseline comparisons of 228Ra in seafood from different waterbodies across the
world.
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Figure 5.3. Baseline comparisons of 226Ra in seafood from different waterbodies across the
world.
While data are relatively consistent among bodies of water, the data for 226Ra and 228Ra often
appear to be skewed. This may suggests that there is more to learn and thus more data are
needed.
5.1. Future Direction
To better understand the baseline of NORM in seafood in the Gulf of Mexico, additional data are
needed. Ideally, research could be done to investigate correlation between NORM and species
age, region, distance from manmade structures (e.g., oil rigs), and seasonal variations. These
would be reasonable for next steps. More seafood types would also be valuable, including
culturally significant crustaceans such as shrimp species, mollusks, and a wider range of trophic
level species. In particular, higher and lower food chain order species would be valuable to better
understand the full picture of bioaccumulation of NORM in seafood in the Gulf of Mexico.
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Furthermore, inclusion of sediment and water samples near the locations where seafood samples
are collected as well as additional organs may also provide information about relative
bioaccumulation and variation.
Additional isotopic analysis would also be valuable and could help verify or disprove
assumptions made in this research. In order to better identify which progeny are more frequently
present within the chain and remove assumptions of equilibrium, either more sensitive gamma
analysis instrumentation and/or high sensitivity alpha spectroscopy is necessary.
The developed modeling code also has other applications. Other industries, such as nuclear waste
disposal, often perform chemical separation on complex decay chains that could benefit from
models like this. After separating an isotope from a decay chain, two streams of waste are
created. These separate streams can be modeled with this code regardless of assumptions of
equilibrium or original activity. For example, this model could help licensees identify when to
expect a stream of waste to be identifiable or quantifiable by a specified spectroscopy or gross
counting method.
5.2. Conclusion
NORM was measured utilizing lessons learned from the visualization code and early analysis
method contained herein. Modeling was successful according to experimental and theoretical
comparisons. The early analysis method was also verified with experimental spiking. NORM
analysis showed that an average activity concentration in seafood samples (wet weight muscle
tissue as edible portion) from the Gulf of Mexico was 0.9 ± 0.6 Bq kg-1for 228Ra, 1.6 ± 1.2 Bq kg1

for 226Ra, and 132 ± 57 Bq kg-1 for 40K. These values were in general consistency with previous

studies from other bodies of water. However, a statistically significant increase of 226Ra are
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found in comparison with a similar study performed 20 years prior. These measurements of Gulf
of Mexico seafood represent a reasonable baseline for the species examined.

70

REFERENCE LIST
Ajemian, MJ, Wetz JJ, Shipley-Lozano B, Shively JD, Stunz, GW. An Analysis of Artificial
Reef Fish Community Structure along the Northwestern Gulf of Mexico Shelf: Potential Impacts
of “Rigs-to-Reefs” Programs. Plos One, 10(5); 2015. doi:10.1371/journal.pone.0126354
Antovic I, Antovic NM. Determination of concentration factors for Cs-137 and Ra-226 in the
mullet species Chelon labrosus (Mugilidae) from the South Adriatic Sea. Journal of
Environmental Radioactivity, 102(7), 713-717; 2011. doi:10.1016/j.jenvrad.2011.04.006
Bateman H. The solution of a system of differential equations occurring in the theory of
radioactive transformations. Proc Cambridge Phil Soc 14:423–427; 1910.
Bé M, Chechev V. Recommended standards for gamma ray intensities. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 728:157-172; 2013.
Carvalho FP, Oliveira JM, Malta M. Radionuclides in deep-sea fish and other organisms from
the North Atlantic Ocean. ICES Journal of Marine Science, 68(2), 333-340; 2010.
doi:10.1093/icesjms/fsq088
Chiozzi P, Pasquale V, Verdoya M. Naturally occurring radioactivity at the Alps–Apennines
transition. Radiation Measurements 35(2):147-154; 2002.
Claisse JT, Pondella DJ, Love M, Zahn LA, Williams CM, Williams JP, Bull AS. Oil platforms
off California are among the most productive marine fish habitats globally. Proceedings of the
National Academy of Sciences, 111(43), 15462-15467; 2014. doi:10.1073/pnas.1411477111
Clement CH, Eckerman K, Harrison J, Menzel H. ICRP Publication 119: compendium of dose
coefficients based on ICRP Publication 60. Ann ICRP., 41 (Suppl 1) (2012), pp. 1-130; 2012.
Craddock HA. Oilfield chemistry and its environmental impact. Hoboken, NJ: John Wiley &
Sons; 2018.
Dahlgaard H. Polonium-210 in mussels and fish from the Baltic-North Sea estuary. Journal of
Environmental Radioactivity, 32(1-2), 91-96; 1996. doi:10.1016/0265-931x(95)00081-k

71

Ewa I, Bodizs D, Czifrus S, Molnar Z. Monte Carlo determination of full energy peak efficiency
for a HPGe detector. Applied Radiation and Isotopes, 55(1), 103-108; 2001. doi:10.1016/s09698043(00)00366-3
Forster L, Forster P, Lutz-Bonengel S, Willkomm H, Brinkmann B. Natural radioactivity and
human mitochondrial DNA mutations. Proceedings of the National Academy of Sciences,
99(21), 13950-13954; 2002. doi:10.1073/pnas.202400499
Frame P, Gleason G, Worthington M. Nuclide identification catalog for gamma emitters and
alpha emitters. United States; 1988.
Gilmore G. Practical gamma-ray spectrometry. Chichester: Wiley; 2011.
Harr LJ. Precise calculation of complex radioactive decay chains. Wright-Patterson AFB, OH:
Air Force Institute of Technology; 2007. Thesis. Available at
www.dtic.mil/dtic/tr/fulltext/u2/a469273.pdf. Accessed 7 June 2017.
Krishnaswami S, Cochran JK. U-Th series nuclides in aquatic systems. Amsterdam: Elsevier;
2008.
Lampe N, Breton V, Sarramia D, Sime-Ngando T, Biron DG. Understanding low radiation
background biology through controlled evolution experiments. Evolutionary Applications, 10(7),
658-666; 2017. doi:10.1111/eva.12491
Li Q,Wang S, Zhao Y, Liu S, Fan Y, Shi J, Jia H, Yu W. Determination of 226Ra activity using
gamma spectrometry with 226Ra‐222Rn disequilibrium. Health Phys 109: 113–116; 2015. DOI:
10.1097/HP.0000000000000302.
Lounsbury M. The Natural Abundances Of The Uranium Isotopes. Canadian Journal of
Chemistry, 34(3), 259-264; 1956. doi:10.1139/v56-039
Meinhold AF, Hamilton LD. Radium Concentration Factors and Their Use in Health and
Environmental Risk Assessment. Produced Water, 293-302; 1992. doi:10.1007/978-1-46152902-6_24
Meinhold A, Holtzman S. Radiation Dose And Risk To Recreational Fishermen From Ingestion
Of Fish Caught Near Eight Oil Platforms In The Gulf Of Mexico; 1998. doi:10.2172/757129
72

Moatar F, Shadizadeh SR, Karbassi AR, Ardalani E, Derakhshi RA, Asadi M. Determination of
naturally occurring radioactive materials (NORM) in formation water during oil exploration.
Journal of Radioanalytical and Nuclear Chemistry, 283(1), 3-7; 2009. doi:10.1007/s10967-0090001-2
National Council on Radiation Protection and Measurements (NCRP). Ionizing Radiation
Exposure of the Population of the United States. National Council on Radiation Protection report
no. 93. Bethesda, Md: NCRP; Report No. 93; 1987.
National Council on Radiation Protection and Measurements (NCRP). Ionizing radiation
exposure of the population of the United States. National Council on Radiation Protection report
no. 160. Bethesda, Md: NCRP; Report No. 160; 2009.
National Research Council. Evaluation of guidelines for exposures to technologically enhanced
naturally occurring radioactive materials. National Academies Press; 1999.
Neville DR, Phillips AJ, Brodeur RD, Higley KA. Trace Levels of Fukushima Disaster
Radionuclides in East Pacific Albacore. Environmental Science & Technology, 48(9), 47394743; 2014. doi:10.1021/es500129b
Nichols A, Aldama D, Verpelli M. Handbook of nuclear data for safeguards: database
extensions, August 2008. Vienna: International Atomic Energy Agency; Report INDC(NDS)‐
0534; 2008.
Oak Ridge National Laboratory (ORNL), Radionuclide Decay Chain; 2018. Available at
https://rais.ornl.gov/tools/chain.php. Accessed 6 February 2019.
O’brien R, Cooper M. Technologically enhanced naturally occurring radioactive material
(NORM): Pathway analysis and radiological impact. Applied Radiation and Isotopes, 49(3), 227239; 1998. doi:10.1016/s0969-8043(97)00244-3
Povinec PP. Worldwide marine radioactivity studies (WOMARS) radionuclide levels in oceans
and seas; final report of a coordinated research project. Vienna: IAEA; 2005.
Shepard AN, Valentine JF, Delia CF, Yoskowitz DW, Dismukes DE. Economic Impact of Gulf
of Mexico Ecosystem Goods and Services and Integration Into Restoration Decision-Making.
Gulf of Mexico Science, 31(1); 2013. doi:10.18785/goms.3101.02

73

Skrable K, French C, Chabot G, Major A. A general equation for the kinetics of linear first order
phenomena and suggested applications. Health Phys 27:155–157; 1974.Bateman H. The solution
of a system of differential equations occurring in the theory of radioactive transformations. Proc
Cambridge Phil Soc 14:423-427; 1910.
Smith K. an Overview of Naturally Occurring Radioactive Material (NORM) in the Petroleum
Industry; Environmental Assessment and Information Sciences Division, Argonne National
Laboratory, 1992.
Sowole O. Radioactivity concentrations and dose rates of natural radionuclides in fishes from
major rivers in Ijebu waterside south west, Nigeria. Science World Journal, 9(2), 25-29; 2014.
Stajic JM, Nikezic D. Theoretical calculation of radon emanation fraction. Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
336:19-25; 2014.
Tosaka. Decay Chain 4n, Thorium series; 2008. Available at
https://commons.wikimedia.org/wiki/File:Decay_chain(4n,Thorium_series).PNG Accessed 6
February 2019.
Tosaka. Decay Chain 4n+2, Uranium series; 2008b. Available at
https://commons.wikimedia.org/wiki/File:Decay_chain(4n%2B2,_Uranium_series).PNG
Accessed 6 February 2019.
Tuo F, Zhang Q, Zhou Q, Xu C, Zhang J, Li W, . . . Su X. Measurement of 238U, 228Ra, 226Ra,
40K and 137Cs in foodstuffs samples collected from coastal areas of China. Applied Radiation
and Isotopes, 111, 40-44; 2016. doi:10.1016/j.apradiso.2016.02.013
Tzortzis M, Tsertos, H. Determination of thorium, uranium and potassium elemental
concentrations in surface soils in Cyprus. Journal of Environmental Radioactivity 77(3):325-338;
(2004).
Uddin S, Aba A, Fowler S, Behbehani M, Ismaeel A, Al-Shammari H, . . . Alboloushi O.
Radioactivity in the Kuwait marine environment — Baseline measurements and review. Marine
Pollution Bulletin, 100(2), 651-661; 2015. doi:10.1016/j.marpolbul.2015.10.018

74

Uddin S, Behbehani M, Aba A, Ghadban AN. Naturally Occurring Radioactive Material
(NORM) in seawater of the northern Arabian Gulf – Baseline measurements. Marine Pollution
Bulletin, 123(1-2), 365-372; 2017. doi:10.1016/j.marpolbul.2017.09.009
Uddin S, Fowler S, Behbehani M, Metian M. 210 Po bioaccumulation and trophic transfer in
marine food chains in the northern Arabian Gulf. Journal of Environmental Radioactivity, 174,
23-29; 2017b. doi:10.1016/j.jenvrad.2016.08.021
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Sources,
effects and risks of ionizing radiation: United Nations Scientific Committee on the Effects of
Atomic Radiation 1988 report to the general assembly, with annexes. New York: United
Nations; 1988.
United States Environmental Protection Agency. Health Risk of Radon. Available at
http://www.epa.gov/radon/health-risk-radon. Accessed 27 August 2018.
Valeur JR. Environmental Impacts of NORM Disposal--With Emphasis on Discharges to Sea.
SPE Projects, Facilities & Construction, 6(03), 124-131; 2011. doi:10.2118/136312-pa
Van Cleef D. Determination of 226Ra in Soil Using 214Pb and 214Bi Immediately After Sampling.
Health Phys 67(3):288-289; 1994.
Varskog P, Stralberg E, Varskog AS, Raaum A. Naturally Occurring Radionuclides In The
Marine Environment – An Overview Of Current Knowledge With Emphasis The North Sea
Areal 2003. Available at
https://www.forskningsradet.no/csstorage/vedlegg/radionuclides_marine_environment.pdf.
Accessed 16 Jan 2019.
Voorhees DV, Lowther A, Liddel M. Fisheries of the United States 2015 Current Fishery
Statistics No. 2015; 2016. Report. Available at
https://www.st.nmfs.noaa.gov/Assets/commercial/fus/fus15/documents/FUS2015.pdf Accessed 6
February 2019.
Wakamatsu H, Miyata T. Reputational damage and the Fukushima disaster: An analysis of
seafood in Japan. Available at https://link.springer.com/article/10.1007/s12562-017-1129-6
Accessed 7 September 2017.

75

Wilson CA, Hamideh AM, Matthews K, Wang WH. Determination of uranium series activity
before secular equilibrium is established. Health Phys (accepted Jan 2019, pending publication).
Wilson CA, Hendrickson K, Hamideh A, Matthews K, Wang WH. Visualizing high order decay
after disequilibria. Health Phys 115(6):791-796, 2018.

76

APPENDIX A. PERMISSIONS
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APPENDIX B. NORM MODELING CODE
This appendix previously appeared as Supplemental Digital Content in Charles A. Wilson IV,
Katherine R. Hendrickson, Amin M. Hamideh, Kenneth L. Matthews II, and Wei-Hsung Wang,
“Visualizing High-Order Decay after Disequilibria,” December 2018. It is reprinted by
permission of Health Physics Journal.
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